It is known that cytoskeleton-dependent trafficking of cell wall and membrane components to apical plasma membrane (PM) coupled with ion transport across pollen PM is crucial for maintaining polar pollen tube growth. To elucidate whether plant hormones are involved in these processes, the effects of exogenous phytohormones, indole-3-acetic acid (IAA), abscisic acid (ABA), gibberellin A 3 (GA 3 ) and cytokinin (kinetin) on the growth, PM polarization, actin cytoskeleton (AC) organization and cytoplasmic pH (pH c ) of in vitro 4 h-growing petunia pollen tubes were investigated. IAA, ABA and GA 3 displayed the growth-stimulating effects and these were accompanied by orthovanadate-sensitive hyperpolarization of the PM. Fluorescent labeling the enzyme with H + -ATPase antibodies exhibited IAA-and ABA-induced lateral PM redistribution of it into the subapical zone of pollen tube PM. Pollen cultivation on the medium with latrunculin B, the inhibitor of actin polymerization, resulted in inhibition of pollen tube growth and simultaneously in the drop of endogenous IAA content. The IAA-growth stimulating effect was correlated with increased content of actin filaments (AF) in both apical and subapical zones of tubes, while ABA and GA 3 exerted the same effect but it was accompanied by redistributing F-actin only to apical zone. In contrast, kinetin decreased the total F-actin content and inhibited pollen tube growth. It has been shown that the рН c of growing pollen tubes is sensitive to the plant hormones. In the case of male gametophyte growing for 1, 2 and 4 h, IAA induced alkalinization of the cytosol, while ABA and GA 3 exerted qualitatively similar effect only after its growth for 1 h and 4 h, respectively. Kinetin, in contrast, resulted in acidification of the cytosol. All these results, taken together, indicate, for the first time, potential targets of the phytohormone action in pollen tubes.
Introduction


In plants, successful fertilization involves pollen tube growth through the pistil tissue towards the egg cells. A fine-tuned network of cellular processes is required to regulate the germination of pollen grains and the elongation of pollen tubes. These processes include a dynamic organization of the cytoskeleton, vesicle and protein trafficking, establishing intracellular tip-localized Ca 2+ and pH gradients, an active metabolism and signal transduction pathways [1] [2] [3] [4] [5] [6] [7] [8] . At present, understanding the operation of the highly coordinated regulatory pathways that control  Corresponding author: Lidia Kovaleva, professor, research field: pollination and fertilization in plants (hormonal signaling). the underlying processes remains to be most complex problem.
Earlier, significant differences in the hormonal status of the petunia pollen-pistil system after self-compatible and self-incompatible pollinations were revealed, which suggested a possible involvement of plant hormones in signal cascade of events in the course of the progamic phase of fertilization [9] . However, the mechanisms of hormone action and the possibility of hormones functioning as signal molecules in the pollen-pistil system remain so far to be unstudied. Recently, it has been shown that petunia pollen grain germination in vitro is accompanied by changes in the levels of plant hormones, such as ethylene, indole-3-acetic acid (IAA), abscisic acid (ABA), gibberellins and cytokinins, and is sensitive to the treatment by exogenous ones [10] [11] [12] . Most recent data [11, 13, 14] allowed us to put forward a hypothesis about hormonal signaling in polar growth of pollen tubes. Addressing this problem, the two important circumstances were taken into account. First, the plasma membrane (PM) H + -ATPase is known to energize the pollen PM for nutrient, ion and water uptake, and additionally its activity directly affects both the germination and growth of pollen tubes [7] . In addition, this enzyme may serve as a signaling target in osmosensing and osmoregulation of pollen tubes [15] and generally is capable of behaving as an essential node in their signaling network. Second, cytoskeleton-dependent trafficking of cell wall and membrane components is crucial for establishing and maintaining pollen tube growth [8] .
In this connection, the purpose of the present work was to check a validity of the above hypothesis focusing on the interaction of plant hormones with the key players of polar pollen tube growth, namely the H + -ATPase in the PM and actin cytoskeleton (AC) of male gametophyte.
Materials and Methods
Plants and Treatments
Plants of petunia (Petunia hybrida L.) were collected from the nature and then propagated vegetatively in tubes on agar-solidified Murashige-Skoog (MS) medium in the climate-controlled chamber (25 °C, 16 h photoperiod). The 45-day-old to 60-day-old plants were transferred into 5 L plastic vessels with soil and grown in the greenhouse under natural illumination. All experiments were done on freshly collected mature pollen.
2 mg of pollen was cultivated for 4 h in thermostat at 26 °C on the medium containing 0.4 M sucrose and 1.6 mM H 3 BO 3 . Plant hormones, IAA, ABA, GA 3 and kinetin (1 µM) were added to the medium simultaneously with pollen.
The pollen tubes were examined under the microscope Axio Imedger D1 equipped with Axio Cam MRm camera. The pollen tubes length was measured using AxioVision 4.8 software (Carl Zeiss, Germany). In each treatment, these measurements were made on 100 pollen tubes. 
Monitoring Hormone-Induced Changes in the
Fluorescent Immunolabeling PM H + -ATPase
Pollen tubes were immediately fixed with 4% 
F-actin Visualization
Plant hormones IAA, ABA, GA 3 and kinetin (1 µM), or inhibitor of actin polymerization, latrunculin B (0.2 nmol) were added to the medium after 2 h pollen germination, and subsequent cultivation was lasted for 2 h.
Рollen tubes were fixed according to slightly modified method of Wang et al. [17] with 4% PFA in the actin-stabilizating buffer containing 100 mM Pipes, 1 mM MgCl 2 , 1 mM CaCl 2 , 75 mM KCl (pH 6.9) for 1 h (with vacuum infiltration for first 5 min). Then, the samples were washed three times and permeated with the buffer containing 0.1% Triton X-100 and 1 mM DTT for 1 h. Pollen tube F-actin was stained with 0.66 µМ fluorescein isothiocyanate (FITC)-phalloidin in phosphate buffer, containing 0.15 M NaCl, 2.7 mM KCl, 1.2 mM KH 2 PO 4 and 6.5 mM Na 2 HPO 4 for 20 min. Thereafter, the samples were washed three times with phosphate buffer and examined under fluorescent microscope (AxioImager D1, AxioCam MRm camera; filter set 44-excitation 475/40, emission 530/50; Carl Zeiss, Germany). Equipment and software were from Carl Zeiss (Germany). Pollen tube image was divided into eight equal 10-µm parts starting from the tip, and then the profile demonstrating the distribution of the fluorescence emission intensity in all pollen tube zones was constructed. The average values of fluorescence in each tube zone were evaluated using Microsoft office Excel 2003 software.
Monitoring Hormone-Induced Changes in pH c
pH c of pollen tubes was evaluated after their preliminary loading with fluorescein diacetate (Serva, Germany) or 2',7'-bis-(2-carboxyethyl)-5(6') -carboxyfluorescein acetoxymethyl ester (BCECF-AM) (Sigma, United States) as described earlier by Andreev et al. [11] . Fluorescence at 530 nm excited at 440 nm (F 440 ) and 490 (F 490 ) nm was measured, and the ratio of F 490 /F 440 as a measure of pH c [18] was calculated. Pollen tube growth was initiated at 26 °C in the medium containing 0.4 M sucrose and 1.6 mM H 3 BO 3 . Before measurements, the freshly collected pollen grains were incubated at 26 °C for 1 h in the buffer containing 0.3 M sucrose and 25 mM Mes-Tris, pH 6.9. Then pollen tubes were placed for 15 min into the loading medium 
Determination of Endogenous Plant Hormone Contents
The contents of free forms of IAA, ABA, GA 3 and cytokinins (the sum of zeatin, zeatin riboside and dihydrozeatin) were determined in pollen/pollen tubes after 0, 1 and 4 h of their cultivation. Pollen/pollen tubes were separated from medium on the paper filter.
The material was fixed as described by Skorobogatova et al. [19] . Samples were analyzed by high performance liquid chromatography (HPLC).
Statistical Analysis
Experiments were performed in three to five replicates with three recording in each of them. The significance of differences was estimated with the Student's t criterion at P ≤ 0.05. The data are expressed as the mean values and standard errors.
Results
Effects of Plant Hormones on Pollen Tube Growth
Earlier, the impact of plant hormones of IAA, ABA, GA 3 and cytokinin, at concentrations from 10 -12 М to 10 -3 M on petunia pollen tube growth was studied (Tables 1 and 2 ) [10, 12] , and these effects are dose-dependent. In the present work, in order to compare effects of all the exogenous hormones, they were used at concentration of 1 µM. As shown in Fig. 1 , IAA, ABA and GA 3 at this concentration stimulated the process in question, while cytokinin, in contrast, inhibited pollen tube growth.
Effects of Plant Hormones on Pollen PM H + -ATPase
Effects of Hormones on the Membrane Potential on Pollen Tube PM
The effect of hormones on the membrane potential on pollen tube PM was shown in Fig. 2. An addition of IAA to pollen tube suspension immediately initiated Table 1 Effects of exogenous plant hormones on in vitro germination of petunia pollen grains after 0.5 h of cultivation on the medium containing 0.4 M sucrose and 1.6 mM H 3 BO 3 .
Plant hormone
In vitro germination of petunia pollen grains at different concentration An intensity of this process in control = 100%. The data are the means obtained from three independent experiments carried out in two replicates (n = 6) [12] . An intensity of this process in control = 100%. The data are the means obtained from three independent experiments carried out in two replicates (n = 6) [12] . Pollen tube length in control group is 100%. Data represent the mean from independent experiments (n = 6-10). (Figs. 2b, 2d and 2f ). These findings indicate that the proton pump was active and had an electrogenic component; it is most likely involved in the hormone-induced hyperpolarization of the PM. Kinetin has no effect on the membrane potential of pollen tubes (Fig. 2g ).
Sensitivity of the Hormone-Induced PM Hyperpolarization in Pollen Tubes to External Ca
2+
The sensitivity of hormone-induced PM hyperpolarization in pollen tubes to external Ca 2+ was shown in Fig. 3 . It is known that an action of plant hormones, such as IAA and ABA or GA 3 , in plant cells may be mediated by transient increase in cytosolic free Ca 2+ level [20] . Therefore, in the last series of experiments, it was checked whether the hormone-induced membrane hyperpolarization depends on external Ca 2+ entry into the growing pollen tubes. For this purpose, an effect of Ca (Figs. 3c, 3f and 3i) , and also the application of verapamil, the known blocker of Ca 2+ channels in cell membranes were studied (Figs.
3b, 3e and 3h). (Fig. 4e) . 
Effects of Plant Hormones on AC
Dynamics of individual hormone content in pollen tubes germinating on the medium containing 0.2 nmol latrunculin B (inhibitor of actin polymerization) resulted in the inhibition of male gametophyte growth, due to the disturbance of AC organization. This effect was accompanied by a sharp decrease (practically to zero) in IAA content, while pollen tube growth on the medium without latrunculin B was accompanied by a gradual rise of this hormone (Fig. 5) . Dynamics of GA 3 content in growing pollen tubes did not undergo any sharp changes on both media, namely it increased (to 1,000 ng/g) after 4 h cultivation on the medium without inhibitor, and on the contrary, it decreased to 500 ng/g in pollen tubes cultivating on the medium with latrunculin B (Fig. 5) . The dynamics of cytokinin and ABA content was different (Fig. 5) . For ABA in pollen tubes growing on both the media, it decreased to 0 ng/g throughout 1 h cultivation. In the case of cytokinin, its content increased during the first hour of cultivation, in both control and latrunculin B-treated pollen tubes, but this increase was less pronounced in the medium with latrunculin B as compared to the control. By 4 h of the cultivation, the contents of ABA and cytokinin in both the control and experimental pollen tubes appeared to be similar. Targets   247 intensity measured in basal, subapical and apical zones of growing pollen tubes was considered as a value reflecting actin filaments (AF) density. As shown in Figs. 6a and 6b , an addition of 1 µM IAA to the cultivation medium led to the increase in the total amount of AF by 37% of their total pool in the pollen tube, being the greatest in both subapical and apical pollen tube zones known to be most important for polar tube growth [14] . In the case of ABA at the same concentrations, somewhat different results were obtained, and this was reflected in slight increase in total content of AF (up to 10%) and 15%-redistribution of AF to the apical zone of the tubes (Figs. 6a and 6b ). Stimulating effect of GA 3 on the pollen tube growth was accompanied by the increase in the total content of AF by 20% in apical and subapical zones and its drop in basal zone of growing pollen tubes, whereas total amount of AF in the latter remained unchanged (Figs. 6a and 6b) .
Effect of kinetin, unlike that of IAA, was expressed in the decrease in AF amount by 40% as compared to the control (Fig. 6a) [14] . Pollen cultivation on the medium with the hormone resulted in the decrease in AF density along the length of the pollen tubes (Fig. 6b ). All these effects of kinetin are apparently in accordance with its inhibiting effect on pollen tube growth.
Thus, the data presented here indicate that the AC organization in growing petunia pollen tubes is sensitive to exogenous hormones. It should be noted that among all hormones, IAA exerted the strongest effect on F-actin, implying that this hormone is one of the most important factors determining polar pollen tube growth.
Effects of Plant Hormones on pH с
Feijo et al. [2] provided evidence that the growing pollen tubes possess a pH gradient. The cytoplasmic pH (pH c ) of non-germinated and germinating petunia pollen grains markedly changed in response to the addition of IAA, ABA or GA 3 [11] .
As shown in Fig. 7 , the effects of hormones on pH c of germinating pollen grains and growing pollen tubes appeared to be different as well.
In 1 h-grown pollen tubes, IAA and ABA induced a relatively rapid cytosol alkalization, which was not reversed during experiment (Fig. 7a) . Kinetin, in contrast, acidified the cytosol.
In 2 h-grown pollen tubes, only the above effect of IAA expressed in cytosol alkalinization was kept, Targets   249 while ABA, GA 3 and kinetin had practically no such an effect and, in contrast, exerted only slight enough acidification of the cytosol (Fig. 7b ).
Regulation of Petunia Pollen Tube Growth by Phytohormones: Identification of Their Potential
In the case of 4 h-grown pollen tubes, the same hormones at concentration of 5 µМ induced relatively fast and significant changes in pH c (Fig. 7c) . This value increased in the presence of both IAA and GA 3 , with in the presence of IAA only its gradual elevation took place. GA 3 induced similar effect only for the first 10 min. Although a gradual change in pH c was induced by kinetin as well, this effect was qualitatively different and expressed in cytoplasm acidification. ABA, like kinetin, induced also a relatively fast and substantial decrease in рН c .
It needs to note that the modulation of pH c by the hormones as observed here in 4 h-grown pollen tubes differs by its character from that caused by the same hormones for 1 h-and 2 h-germined pollen grains. This argues likely in favor of that hormones can function at different stages of total signaling network regulating very complex process of pollen grain germination and pollen tube growth.
It is quite possible that the effects observed here reflect the regulation of pH c by hormones, and the hormone-induced alkaline pH c shift is likely mediated by the activity of PM H + -ATPase of growing pollen tubes putatively involved in cytosolic pH homeostasis.
Discussion
The results presented clearly show that the hormone-induced stimulation of PM H + -ATPase activity might be involved in promoting pollen tube polar growth by applied plant hormones. This conclusion is supported by the orthovanadate-sensitive hyperpolarization of pollen PM observed in the presence of IAA, ABA and GA 3 . In accordance with recent data on important role of this enzyme in pollen tube polar growth [7] , it is not surprising that the growth-stimulating action of the hormones most likely involves their impact on the proton pump. One more hormonal effect related to their action on pollen PM H + -ATPase is expressed in the change of its lateral membrane allocation in pollen tube PM. As noted above, polar localization of H + -ATPase in pollen PM and its absence from apical region appear to be the feature inherent in growing pollen tubes [21] . Therefore, the revealed hormonal effect contributes to the polarization of pollen tubes as a condition required for growth process. An important question arose whether the observed effects of hormones on the PM H + -ATPase and the organization of AC are closely related. Although at present it is difficult to answer this question, a central modulator or player here may be Ca 2+ as well-known second messenger capable of involving in several hormone signaling pathways. Indeed, Ca 2+ is capable to be an organizer of cell polarity in plants [22] . In growing pollen tubes, this cation can mediate the effects of hormones related to both increased activity of PM H + -ATPase, its polar localization in pollen tube PM and also the organization of the AC. This possibility is supported by the involvement of Ca
2+
ions as a second messenger in various hormone-dependent processes including the activation of PM H + -ATPase by phosphorylation catalyzed by Ca-dependent protein kinase [23] . In addition, Ca 2+ is known to be involved in various aspects of AC functioning. Cytosolic Ca 2+ forms a steep tip-directed gradient in pollen tubes required for regulating exocytosis during pollen tube growth and involves participation of Ca 2+ in the modulating ROP1 GTPase activity [24] . As shown here, F-actin assembly and Ca 2+ accumulation provide positive and negative feedback regulation of ROP1, respectively. In particular, the AF in pollen tubes occur in a polarized gradient overlapping with the tip-directed Ca 2+ gradient [25] , which can be explained via the Ca 2+ -dependence of actin organizing proteins which also control directional elongation in other cell types [26] .
The results in this study showed that the membrane potential on pollen tube PM, cytosolic pH of pollen 
Auxin IAA
The important conclusion is that only in the case of auxin, all the observed hormone-induced responses of growing pollen tubes may be integrated into a common mechanism, in which Ca 2+ ions can putatively serve as coordinative and integrating signal. IAA exerted monotonous alkalization of the cytoplasm of pollen tubes and the strongest effect on F-actin assembly, thereby suggesting the involvement of this hormone in the regulation of AF organization through corresponding modulation of the activity of pH-sensitive actin binding proteins (ABPs). The auxin participation in the pollen tube polar growth was reported to be confirmed by PIN8 expression in the male gametophyte and its involvement in the regulation of intracellular auxin homeostasis [27] . Therefore, it can be concluded that auxin plays a key role in the maintenance of pollen tube polar growth that is in accordance with its similar behavior in other plant organs. The directional transport of the auxin, central element of axis formation and patterning in plants, depends on gradients of auxin-efflux carriers that continuously cycle between PM and intracellular compartments. This cycling has been proposed to depend on AF, while the organization of actin is under control of auxin [28] . Inhibition of auxin transport impaired the organization of actin in zygotes of the brown alga Fucus and inhibited signal-induced developmental polarity [29] . Auxin polar transport is essential for the development of zygote and embryo, and was correlated with ABP1 and PM H + -ATPase activities [16] . Recently, it was found that the PM-located transmembrane kinase (TMK), receptor-like kinase (RLK), is capable of interacting with ABP1, thereby transducing auxin signal to activate PM-associated Rho of plants (ROPs). And as a result, these events lead to changes in the cytoskeleton and the shape of leaf cells in Arabidopsis [30] . Recent progress has been made towards the coordination of ROP signaling and trafficking of PIN transporters of auxin in both root and leaf cells [31] . To date, the data accumulated allow to settle the question whether auxin is a common polarizing signal acting through the conserved ROP GTPase to regulate cytoskeletal organization and vesicular trafficking [32] .
ABA
To date, the available data indicate very important role of pollen H + -ATPase activity at the stage of pollen rehydration, when pollen grains take up water and have to adjust their turgor pressure to the water potential of the surrounding stigma surface [15] . The data in this study on the lateral membrane allocation of PM H + -ATPase accompanying pollen tube growth (Fig. 4) and ABA decline (Fig. 5 ) are in accordance with this conclusion as well. In the light of all these findings, it is suggested a participation of ABA in the maintenance of water status in pollen tubes.
Interaction of IAA with ABA may be realized according to the hypothesis [33] , suggesting a desiccation-associated ABA signaling transduction pathway, through which the LLP-Rop1 gene is regulated during pollen dehydration in lily. LLP-ROP1 was shown to be localized in the cytoplasm along the pollen tube PM. In this case, in germinating pollen grains, ABA decreases, while ROP activity increases. Upon desiccation, the LLP-Rop1 gene is down-regulated and being a positive regulator of auxin [34] and negative regulator of ABA signal way [35] . Recently, Nibau et al. [36] reported that the Arabidopsis small GTPase AtRAC7/ROP9 (Arabidopsis RAC/ROP) functions as a modulator of both auxin and ABA signaling.
Cytokinins
The inhibitory effect of kinetin on pollen tube growth was related to degradation of F-actin along the
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Identification of Their Potential Targets 251 length of the pollen tube. Apparently, both auxin and cytokinin play an important role in the regulation of the AC during pollen tube growth via their effects on actin polymerization. The hypothesis about the interaction of these hormones when applied to cytoskeleton has been formulated long ago [37] . At present, a lot of data in its favor were obtained. Ruzicka et al. [38] suggested that cytokinin affected auxin transport in the root meristem via the modification of PIN protein expression. According to Li et al. [39] , auxin regulates spatial coordination of cell expansion in leaf interacting with ABP1 and activating Rho GTPases, while cytokinin inhibits ROP2 activity which regulates PIN1 distribution and suppresses morphogenesis in leaf. In this connection, the data of Bosch and Franklin-Tong [40] about the acidification of pollen tube cytoplasm, which accompanied mechanism of self-incompatibility, arouse interest. Wilkins et al. [41] showed that poppy pollen tubes undergoing a self-incompatible induction of programmed cell death exhibit a rapid acidification in the apical cytoplasm, together with an abrupt inhibition of growth, and argued that the increased acidity down-regulates actin depolymerizing factor (ADF) and thus prevents actin turnover, which is necessary for normal growth. Moreover, acidification of the cytoplasm plays a pivotal role in self-incompatibility-induced programmed cell death by creating optimal conditions for activation of the DEVDase/caspase-3-like activity.
Gibberellins
Although GA 3 displayed the strongest stimulating action on petunia pollen tube growth, it, unlike IAA, practically had no any effect on F-actin organization as well as lateral membrane allocation of the pollen PM H + -ATPase, and induced the increase in pH c only after 4 h-growth of pollen tubes. These observations did not allow us to make any certain conclusion on the mechanism of action of GA 3 . This opinion is consistent with the data earlier obtained by Singh et al.
[42] demonstrating only genetic evidence for GA 3 promoting role in pollen tube growth. In this connection, the following explanation may be for these observations. IAA and gibberellins are known to be general growth factors involved in many plant developmental processes. A number of the observations suggest that there is crosstalk between the gibberellins and auxin. Willige et al. [43] showed that auxin transport is reduced in the inflorescences of Arabidopsis thaliana mutants deficient in biosynthesis of gibberellins. In particular, both the hormones were shown to play a major role in the onset of fruit development in Pyrus pyrifolia [44] . Here, authors designed the model for the hormone involvement in this process, where both positive and negative feedback loops are inherent in the signal transduction pathways of IAA and gibberellins. Moreover, it comprises cross-talks between them, in which IAA can promote the biosynthesis of gibberellins, but other growth regulators, such as ABA, cytokinin and ethylene, can also play a role. The levels of pollen-derived gibberellins were closely related to enhanced pollen germination and increased pollen tube elongation. Applied gibberellins, and, by implication, elevated levels of endogenous gibberellins, are causally implicated in early growth of the fruitlet and fruit. Concentration of two growth-active gibberellins, GA 3 and GA 4 , is positively correlated to pollen tube growth rate and final fruit size. It is hypothesized that a similar model for hormonal regulation of pollen tube growth may be valid in the case of petunia male gametophyte growth as well. The evidence in favor of this hypothesis, as follows from the results in the present work, is that endogenous concentrations of gibberellins increased in growing petunia pollen tubes [10] , while exogenous gibberellins showed the strongest stimulating effect on their germination and growth.
Conclusions
The findings of the present work allow us to
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conclude that the main, if not key, target of exogenous plant hormones action is represented by pollen PM H + -ATPase, which plays a crucial role in hormone-induced pollen tube germination and growth as well as the related processes based on the activation of ion and water transport across the PM. The results obtained provide evidence that the hormonal stimulation of the activity of this enzyme, putatively mediated by Ca 2+ ions appears to be closely associated with ion transport through pollen PM and the hormone-induced reorganization of the AC. All these data, taken together, suggest that the effects in question may underlie the hormonal signaling in growing pollen tubes.
